Introduction
Our understanding of the mechanisms of development of spinal interneurons has advanced rapidly in the last several years, with the identification of transcription factors associated with the regional differentiation of spinal cord. Studies of chicks and mice have shown that early in its development the spinal cord is divided from dorsal to ventral into discrete domains of neuronal precursors that express particular transcription factors (Briscoe et al., 2000; Jessell, 2000; Moran-Rivard et al., 2001; Pierani et al., 2001; Sharma and Peng, 2001) . The precursors in these domains go on to produce postmitotic neurons identified by the expression of a different set of transcription factors. Evidence from transgenic mice indicates that the expression of some of these transcription factors, such as Engrailed-1 (En1), is restricted to a morphologically similar group of spinal interneurons (Burrill et al., 1997; Saueressig et al., 1999; Moran-Rivard et al., 2001) .
This developmental work led to the important question of whether individual transcription factors might identify particular functional subtypes of spinal interneurons (Sharma and Peng, 2001) . This is a fundamental question, not only because of its implications for how transcription factors may direct the differentiation of neuronal circuits, but also because the identification of genes, the expression of which is restricted to particular interneuron types, could lead to genetic tools for exploring the behavioral roles of these neurons. The promoters of cell type-specific genes would allow targeted expression of proteins that could be used to monitor or perturb the activity of particular classes of spinal interneurons (Fetcho, 2001; Sharma and Peng, 2001; Kiehn and Kullander, 2004) . Such tools would set the stage for powerful studies of the links between neurons and behavior.
The only study directly addressing the question of the link between transcription factor and spinal interneuron type concluded that the population of spinal neurons marked by the transcription factor En1 in chicks is functionally heterogeneous (Wenner et al., 2000) . This refutes the simple notion that transcription factors define interneuron types in all vertebrates. Not all vertebrates, however, have spinal cords as complex as those in birds and mammals. One possibility, raised by Goulding et al. (2002) , is that transcription factors define a primitive functional organization of interneurons, one that might be revealed by studies of less complex vertebrates.
We used genetic, morphological, and physiological studies to explore the question of which interneurons are marked by the well studied transcription factor En1 (Eng1b in zebrafish) (Ekker et al., 1992; Force et al., 1999) in the simple spinal cord of embry-onic and larval zebrafish. Our data, together with the data of Li et al. (2004) , reveal that En1 expression marks a single class of interneuron that appears to provide all of the ipsilateral glycinergic inhibition in embryos and larvae of fish and frogs. The interneurons share a similar overall dendritic and axonal morphology, with individual cells performing multiple functions in motor pattern generation and sensory gating. This "primitive" multifunction population may have diverged during the evolution of chicks and mammals to give rise to several different classes of ipsilateral glycinergic inhibitory interneurons with more restricted functional roles (Wenner et al., 2000) . Our data support the view that the subdivision of spinal cord into different regions by transcription factors defines a primitive functional organization of spinal interneurons (a "ground state," as suggested by Goulding et al., 2002 ) that probably formed a developmental and evolutionary foundation on which more complex systems were built.
Materials and Methods
Cloning of the Eng1b genomic DNA. The reported Eng1b cDNA from zebrafish (Force et al., 1999 ) (GenBank accession number AF071237) lacked the 5Ј region. To examine the putative transcriptional start site, 5Ј RACE (rapid amplification of cDNA ends) was performed using two Eng1b-specific primers, which corresponded to the sequences near the 5Ј end of the reported region. We obtained a DNA fragment ϳ300 bp in length. This cDNA contained ϳ250 bp of the 5Ј untranslated sequences and 50 bp of the coding sequence. PCR analysis of the genomic DNA indicated that there is no intron in the corresponding region. The cDNA was used to screen a zebrafish genomic bacterial artificial chromosome (BAC) library (Incyte Genomics, Palo Alto, CA), and one BAC clone (see Fig. 2 ), ϳ100 kb in length, was isolated. We have not generated a physical map of the BAC DNA, so the location of the Eng1b cDNA within the BAC is not reported.
Generation of the Eng-GFP expression vector.
A PCR-amplified zebrafish hsp70 promoter (ϳ0.6 kb) (Halloran et al., 2000) was used as a basal promoter for the expression construct. Homologous recombination of BAC DNA was performed as described by Jessen et al. (1998) . As a 5Ј wing, Ϫ3.1 kb of a genomic HindIII-XhoI fragment was used. The XhoI site is located Ϫ0.8 kb upstream from the putative transcription start site (see Fig. 2 A) . As a 3Ј wing, 4.5 kb of a HindIII-HindIII fragment was used. The upstream HindIII site is located 0.9 kb downstream from the putative transcription start site (see Fig. 2 A) . The enhanced green fluorescent protein (EGFP) sequence was obtained from the pEGFP-N1 plasmid (Clontech, Palo Alto, CA). The SV40 poly(A) signal was extracted from the pcDNA1 plasmid (Invitrogen, Carlsbad, CA). The kanamycin-resistant gene was PCR amplified from the pAd10SacBII plasmid (Incyte Genomics). To make the final plasmid construct of the targeting vector for the homologous recombination, we subcloned, in this order, the 5Ј wing, the hsp70 promoter, EGFP, the SV40 polyA, the kanamycin-resistant gene, and the 3Ј wing in pRM4-N (Jessen et al., 1998) . The correct homologous recombination clones (see Fig. 2 A) were verified by restriction enzyme mapping.
A homologous recombination clone containing the endogenous Eng1b promoter was also generated. For this construct, the longer 5Ј wing, which contained the putative Eng1b promoter, was used in place of the hsp70 promoter. The 3Ј end of the wing corresponded to 150 bp downstream from the putative transcription start site. There was no significant difference in GFP expression patterns with the two constructs (with or without the hsp70 promoter). However, on average, the expression level of GFP appeared to be higher in the construct containing the hsp70 promoter. Therefore, the homologous recombination construct with the hsp70 promoter was used for all of the experiments.
Microinjection of DNA. Microinjection of the DNA into zebrafish embryos was performed as described previously (Higashijima et al., 1997) using circular DNA at 40 -50 ng/l.
For stochastic expression of cameleon (a derivative of GFP) (Miyawaki et al., 1997) in a limited number of neurons, the DNA constructs in which cameleon expression is driven by a goldfish neural tubulin promoter (Hieber et al., 1998) or a zebrafish HuC promoter (Park et al., 2000) were used as described previously . Approximately, one-third of the data was collected with the HuC promoter construct. The rest were collected with the goldfish neural tubulin promoter construct, which labeled fewer, more isolated cells.
Antibody and in situ hybridization staining. The anti-Engrailed antibody that was used in this study was a gift from A. Joyner (Skirball Institute, New York, NY). The antibody (anti-Enhb-1; rabbit polyclonal) was generated against the mouse En2 homeodomain and detects both En1 and En2 in mammals (Davis et al., 1991) . In zebrafish, the antibody stains several groups of cells in the CNS, including a subset of neurons in the spinal cord (Hatta et al., 1991) . Because Eng1b is the only engrailedrelated gene expressed in spinal neurons, the protein recognized by the antibody in spinal neurons ought to be Eng1b. Consistent with this, staining patterns of En1 antibody (anti-Enhb-1) and Eng1b in situ hybridization in the developing spinal cord were identical.
Standard whole-mount antibody staining procedures were used with Cy5-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA). For animals older than 36 hr, the ventral region (below the notochord) was cut off for better penetration of the antibodies. For dual staining with the antibody and in situ hybridization, samples were first treated with the antibodies. All of the solutions contained RNase inhibitor (Roche, Indianapolis, IN). After postfixation, wholemount in situ hybridization was performed with standard procedures, except for the omission of the proteinase treatment. The staining was detected with alkaline phosphatase by using a fluorescent substrate [2-hydroxy-3-naphtoic acid-2Ј-phenylanilide phosphate (HNPP) FastRed; Roche], which yielded rhodamine-like fluorescence. Probes for in situ hybridization were a mixture of vesicular glutamate transporters (VGLUT2.1 and VGLUT2.2), glycine transporter2 (GLYT2), and a mixture of GAD65 and GAD67 (Martin et al., 1998) . The VGLUT genes and GLYT2 were isolated by us. They have high sequence homology to their mammalian counterparts. The details of their cloning and expression patterns will be described elsewhere. The length of the probes used for VGLUT2.1 was 1.4 kb with 0.1 kb of the 5Ј untranslated region (UTR) and 1.3 kb of the coding sequence (74% of the coding region). VGLUT2.2 was 1.6 kb with 0.3 kb of the 5Ј UTR and 1.3 kb of the coding sequence (74% of the coding region). GLYT2 was 1.7 kb with 0.3 kb of the 5Ј UTR and 1.4 kb of the coding sequence (62% of the coding region). GAD67 was 1.5 kb with 0.3 kb of the 5Ј UTR and 1.2 kb of the coding sequence (65% of the coding sequence). For GAD65, it was 0.7 kb, the same sequence shown by Martin et al. (1998) .
Standard cryostat sectioning was performed to obtain cross sections (20 m) of spinal cord. Briefly, samples were soaked in 30% sucrose, mounted in Tissue-Tek optimal cutting temperature compound (Sakura Finetek, Torrance, CA), and were frozen before sectioning. During this procedure, the tissue shrank to ϳ70% of its original size. To compare the sectioned images with unsectioned ones, sectioned images were enlarged to match the unsectioned ones.
Retrograde labeling. Retrograde labeling of spinal motoneurons or interneurons was performed as described previously (Fetcho and O'Malley, 1995; Hale et al., 2001 ). Rhodamine-conjugated dextran (M.W. 3000; Molecular Probes, Eugene, OR) was used as a dye. For labeling motoneurons, the dye was pressure injected into ventral muscle. For interneurons, the dye was pressure injected into the spinal cord.
Microscopic observation of zebrafish neurons. All of the microscopic observations in this study were carried on a confocal microscope (LSM510; Zeiss, Thornwood, NY). For living fish, a Plan-Neofluor 25ϫmulti-immersion lens [numerical aperature (NA), 0.80; Zeiss] was used with water immersion and a coverslip. For the observation of fixed tissues (antibody staining or in situ hybridization), a 63ϫ C-Apochromat lens (NA, 1.20; Zeiss) was used. All of the images were taken with the fish embedded on their sides in low melting point agarose (1.2%). An argon laser of 488 nm was used for the observation of GFP or cameleon, a helium-neon laser of 543 nm for observation of rhodamine and HNPP/ Fast-red, and a helium-neon laser of 633 nm for observation of Cy5.
Electrophysiological methods. Zebrafish larvae (4 -6 d old) with neurons expressing GFP under the control of the En1 promoter were anesthetized with 0.2% Tricaine-S (Western Chemical International, Scotts-dale, CA) in an extracellular recording solution that contained (in mM) 134 NaCl, 2.9 KCl, 1.2 MgCl 2 , 2.1 CaCl 2 , 10 HEPES buffer, and 10 glucose, adjusted to pH 7.8 with NaOH (Legendre and Korn, 1994; Drapeau et al., 1999) . The preparations were paralyzed with 0.01 mM D-tubocurarine (Sigma, St. Louis, MO) added to the recording solution, which was bubbled with ambient air and superfused continuously at ϳ22-26°C.
Larvae were pinned to a Sylgard-lined glass-bottomed Petri dish with short pieces (ϳ2 mm) of fine tungsten wire (0.001 inches) pushed through the notochord, one pin placed near the air bladder and another near the anus. The skin between the two pins was removed with a pair of fine forceps. Collagenase (0.1%; Sigma) in recording solution was applied to the preparation for 3-5 min to enzymatically prepare the muscle fibers for easier removal. The collagenase solution was washed off, and a large bore (ϳ15 m in diameter) glass microelectrode attached to an extracellular suction electrode holder was used to aspirate away individual muscle fibers overlying a small section (two to three segments) of the spinal cord. For all electrophysiology experiments, the preparations were observed using a water immersion objective (40ϫ; NA, 0.80; Olympus, Melville, NY) on an upright microscope (BX51WI; Olympus) fitted with differential interference contrast optics.
Extracellular recording techniques were used to monitor the activity of peripheral nerves during fictive swimming at ϳ22-26°C. Extracellular suction electrodes (ϳ10 -15 m in diameter) pulled on a FlamingBrown micropipette puller (P-97; Sutter Instruments, Novato, CA) from borosilicate glass [1.5 mm outer diameter (OD); 1.12 mm inner diameter (ID); A-M Systems Inc., Carlsborg, WA) were filled with curare-free extracellular recording solution (see above) and placed in a suction electrode holder [E series (Warner Instruments, Hamden, CT) or HL-U (Axon Instruments, Union City, CA)]. The tip of the suction electrode was positioned at the dorsoventral midpoint of a myotomal cleft where the skin had been removed, and a light suction was applied to ensure a tight seal with the underlying muscle tissue and peripheral nerves. In early experiments, extracellular signals were monitored with a differential AC amplifier (model 1700; A-M Systems) at a gain of 10,000 with the low-and high-frequency cutoff set at 300 and 500 Hz, respectively. Noise was reduced with a 60 Hz notch filter. In most experiments, however, a MultiClamp 700A (Axon Instruments) amplifier was used to monitor extracellular signals in voltage-clamp mode at a gain of 1000 with the low-and high-frequency cutoff at 100 and 4000 Hz, respectively.
Standard whole-cell recording techniques were used to monitor the activity of interneurons in vivo at ϳ22-26°C. Patch electrodes (ϳ15 M⍀) were pulled on a Flaming-Brown micropipette puller (P-97; Sutter Instruments) from borosilicate glass (1.5 mm OD; 0.86 mm ID; Warner Instruments) and were filled with patch solution (in mM): 125 K gluconate, 2 MgCl 2 , 10 HEPES buffer, 10 EGTA, and 4 Mg ATP, adjusted to pH 7.2 with KOH. The calculated junction potential (using Clampex; Axon Instruments) for our solutions is 16 mV. We did not correct for the junction potential in the data we present. The correction would shift our measured potentials 16 mV more negative and would not alter our conclusions. In some previous experiments, we used a different patch solution (in mM): 115 K gluconate, 15 KCl, 2 MgCl 2 , 10 HEPES buffer, 10 EGTA, and 4 Mg ATP, adjusted to pH 7.2 with KOH, with a calculated junction potential of 15 mV. Positive pressure (30 -50 mmHg) was applied to the patch electrode as it approached the exposed surface of the spinal cord. The tip of the electrode was lowered carefully until it broke into the cord. Interneurons were targeted for recording based either on their size, shape, and position in the spinal cord [commissural primary ascending interneurons (CoPAs)] or on their expression of GFP (En1-positive CiAs). Release of positive pressure formed a gigaohm seal once the tip of the patch electrode was directly apposed to the appropriate interneuron. Suction pulses were applied to break the seal for whole-cell voltage recordings. Whole-cell voltage was monitored with a MultiClamp 700A (Axon Instruments) amplifier at a gain of 20 (R f ϭ 5 G⍀), filtered at 30 kHz and digitized at 63 kHz. The recordings were accepted for data analysis if the resting membrane potential was more negative than Ϫ45 mV (range, Ϫ46 to Ϫ70 mV; mean, Ϫ58.5 Ϯ 6.0 mV; n ϭ 33 total cells: 18 CiAs, 15 CoPAs). Neurons were labeled with 0.1% Sulforhodamine B (Sigma) in the patch solution, and fluorescent images were acquired with a CCD camera (C-72-CCD; Dage MTI, Michigan City, IN) and a frame grabber (LG3; Scion, Frederick, MD) controlled by NIH Image software for morphological identification of the neurons. Wholecell voltage recordings were used to determine the synaptic reversal potential (measured at the soma) in CoPA interneurons held, by continuous current injection, at various depolarized membrane potentials during fictive swimming initiated by light stimulation. In some experiments, strychnine (1-5 M; Sigma) was applied briefly (1-2 min) to the extracellular solution bathing the preparation to block glycinergic synapses.
The connections between CiA interneurons and more ventral motoneurons and interneurons were more difficult to find than connections with dorsal CoPA interneurons (see Results). To allow for testing of more potential postsynaptic cells, in some cases, we used a loose patch onto the GFP-filled CiA interneuron without going whole cell. This allowed us to stimulate it to fire with a voltage step while doing simultaneous wholecell recordings from candidate postsynaptic neurons with cell bodies located near the axonal branches of the CiA neuron. In these cases, we were confident that we were stimulating the CiA neuron because we could see GFP from the portion of it sucked into the patch pipette, and we could also record the currents from action potentials in the CiA neuron in response to our stimulus.
Extracellular and whole-cell recordings were digitized (DigiData series 1322A; Axon Instruments), acquired using pClamp 8.2 software (Axon Instruments), and analyzed offline with Clampfit 8.2 (Axon Instru- ments) and/or Matlab 5.3 (Mathworks, Natick, MA). An isolated pulse stimulator (model 2100; A-M Systems) was used to deliver current pulses into targeted interneurons. The amplitude and duration of the current pulse were adjusted for each cell to fire a single-action potential per stimulus. Current pulses were applied at low frequencies (0.1-1.0 Hz) to determine the firing threshold of the presynaptic neurons and at increasingly higher frequencies (1.0 -5.0 Hz) to explore how well the postsynaptic potentials (PSPs) followed presynaptic firing and to determine whether there was jitter in latency that would suggest a polysynaptic connection.
Results

Engrailed genes in zebrafish
Mammals have two Engrailed-related genes, En1 and En2 (Joyner and Martin, 1987) . En1 is expressed in a subset of developing spinal interneurons, and thus the homologs of En1 were the focus of our study. Zebrafish have two En1-related genes (Eng1 and Eng1b) (Ekker et al., 1992; Force et al., 1999 ) along with two En2-related genes (Eng2 and Eng3) (Holland and Williams, 1990; Fjose et al., 1992) . Of the two Eng1 genes, only Eng1b is expressed in the spinal cord (Ekker et al., 1992; Force et al., 1999) . We therefore focused on Eng1b in this study. For simplicity, by analogy to mammals, we use the term En1 in place of Eng1b throughout the text.
Distribution of En1-positive cells in the spinal cord between 32 hr and 5 d
Previous studies have only described En1 expression in the spinal cord in early zebrafish embryos (Hatta et al., 1991; Force et al., 1999) . We therefore first examined the developmental profile of En1 expression from early embryo until after the fish become free swimming at 4 -5 d to determine which cells were labeled and how their morphology changed during development. Because there is a rostrocaudal developmental gradient in the spinal cord, especially at early stages, we focused on one region at midbody, from approximately segments 6 -13.
Weak En1 expression in a small number of cells was first detected at ϳ20 hr (data not shown) (Hatta et al., 1991) . During development, both the intensity of En1 staining and the number of En1-expressing cells increased. Figure 1 (top panels) shows the expression pattern in 32 hr embryos. Postmitotic neurons are located only in the lateral region of the spinal cord at this stage. Consistent with this, all of the En1-positive cells are also located near the lateral margin. As development proceeds, more and more En1-positive cells are added. Figure 1 (middle panels) shows the expression pattern in 54 hr embryos, when intensely labeled cells tend to be located laterally, whereas lightly labeled cells are more medial. The lightly labeled cells in the medial region are most likely newly added, young En1-positive cells. Many lightly labeled cells were found in the medial region at this stage, suggesting that differentiation of En1-positive cells is highest around this time. Figure 1 (bottom panels) shows the expression pattern in 4.5-d-old larvae. At this stage, there is no differential labeling along the lateral-medial axis, suggesting that proliferation of En1-positive cells is mostly over. Throughout all of the stages, most of the En1-positive cells were located at intermediate levels along the dorsoventral extent of cord, although occasional En1-positive cells were found more dorsal in the spinal cord (Fig.  1, bottom right, arrows) . The staining intensity in some cells was extremely weak at 4 -5 d, suggesting that En1 expression in some cells is being downregulated by 5 d.
Visualization of En1-positive cells in living fish
To visualize En1-positive cells in live animals for morphological and physiological studies, we expressed GFP under the control of cis-regulatory sequences from the En1 gene (Fig, 2 A, top) . The GFP-modified BAC DNA (Fig. 2 A, bottom, En1-GFP BAC) was microinjected into one-cell stage zebrafish embryos (Higashijima et al., 1997) , and GFP expression was examined at 3-5 d. With this approach, the transgene is stochastically retained by a small number of cells at later stages. Consequently, a small, random subset of the En1-positive cells was expected to express GFP.
Among the DNA-injected fish, many had GFP labeling in neurons with a primary axon that first extends ventrally, turns rostrally in ventral spinal cord, and then ascends on the ipsilateral side of the spinal cord among other axons in the marginal zone lateral to the motoneurons, moving more dorsally as it ascends (Fig. 2 B1,C1 ). The morphology of an interneuron like this, present early in zebrafish development, was briefly described previously ; we use the name circumferential ipsilateral ascending (CiA) interneuron, assigned in that study.
Approximately 65% of the neurons labeled by the BAC injections were CiA interneurons. The rest were mostly commissural interneurons, but other types of neuron, such as ipsilateral descending interneurons or Rohon-Beard (RB) sensory neurons, were sometimes labeled. Among these non-CiA neurons, RB sensory neurons were expected to be negative for En1 based on the location of the neurons, which is well dorsal to the neurons labeled by En1 antibody staining. Thus, the construct appeared to be somewhat leaky, and this led us to suspect that the GFP labeling in the less abundant, non-CiA-type neurons might be spurious.
To address this issue, we counterstained the GFP-labeled interneurons with the anti-En1 antibody. In 3-d-old fish, all of the GFP-labeled CiA interneurons were positive for En1 (n ϭ 53). In contrast, all of the GFP-labeled neurons belonging to other types were negative (n ϭ 22), indicating that labeling in non-CiA neurons was indeed attributable to leaky expression. Similar results were obtained in 4-to 5-d-old fish. At this age, the vast majority of CiA interneurons (22 of 24) were positive for En1. An example of this experiment is shown in Figure 2 , B1 and B2. Two interneurons of the 24 we examined at 4 -5 d did not have a detectable level of En1 staining. We speculate that En1 expression in these interneurons had already been downregulated below detection by this stage. At 4 -5 d, the GFP-labeled, non-CiA-type neurons were always negative for En1 (n ϭ 10), as in the 3-d-old fish.
These observations showed that En1 is expressed in CiA interneurons. Although leaky, the BAC homologous recombination construct was able to drive GFP expression in many En1-positive CiA interneurons in living fish, which allowed for more detailed in vivo structural and functional studies.
Morphology of En1-positive CiA interneurons
We examined the morphology of 55 GFPlabeled CiA interneurons in confocal optical sections from 4-to 5-d-old (Fig. 2C-F ) living fish. The cells were examined in midbody regions from segments 7-14. The somata of CiA interneurons were located in the intermediate to dorsal region of the spinal cord. Along the lateral-medial axis, some were located more superficially, with others medial to them. The distribution of GFP-labeled CiA interneurons matched well with the distribution of En1-positive cells revealed by the antibody staining (Fig.  1, bottom) .
The CiA interneurons were predominantly unipolar, with occasional additional small processes on the soma (Fig.  2C3, arrow) . The thick, primary process came off from the ventral pole of the soma and extended ventrally. The process gave rise to extensive dendrites lying mainly in the middle and ventral parts of the marginal zone. Figure 2C4 is a depth coded stacked image that shows that the majority of dendrites were superficial to the main process. The most ventral dendrites sometimes turned medially and extended near the floor of the spinal cord. Some neurons had larger dendritic fields (Fig. 2C2) than others (Fig. 2C3) , but there was a range of sizes rather than discrete categories. The ventrally extending primary process from the soma became an axon that turned rostrally in ventral spinal cord and extended rostrally and dorsally just lateral to the motor column (Fig. 2C1, thick arrows) . The typical CiA interneuron had one ascending axon, with a descending axonal branch that arose from the proximal portion of the ascending axon (Figs.  2C1, short arrows, 3) . In some cases, the descending branch arose near the most ventral part of the main axon where the primary axon turned to ascend. All 55 of the CiA interneurons examined had at least one descending axonal branch; occasionally, there was more than one (Figs. 2C1, arrows and arrowhead, 3) .
In seven fish, well isolated, single CiA interneurons were labeled, allowing us to clearly follow their entire axonal trajectory. In these fish, both the ascending and descending portions of the axon typically ran over multiple segments. An example is shown in Figure 2 D1 . The ascending portions of the axon were always more densely labeled than the descending ones, suggesting that the ascending axons were of larger caliber. In most cases (six of seven), the ascending branches were longer than descending ones. The average length of the axons was ϳ1050 m for the ascending part (ϳ10 segments in length) and 750 m for the descending (ϳ7 segments in length). The ascending axons of these neurons extended near or into hindbrain, like the CiA interneuron shown in Figure 2D1 , the axon of which ended just caudal to the level of the ear. Except for the region near the soma, both the ascending and descending portions of the axon ran dorsal to the motor column and slightly ventral to the sensory tracts formed by the axons of RB sensory neurons and dorsal root ganglion neurons.
Along their trajectory, both the ascending and the descending axonal branches budded off processes or collaterals both ventrally and dorsally into presumptive motor and sensory regions (Fig. 2 D1,D3, E, F ) . These branches, as well as the primary axon, had swellings that are probable sites of synaptic contact. The anatomical relationships between the CiA axons and both motoneurons and sensory interneurons were more carefully examined in double-labeling experiments. When motoneurons were retrogradely labeled by injection of rhodamine dextran into the muscle of fish with GFP-filled CiA neurons, we found processes arising from the main axon of the CiA interneurons that extended medially into the motor column and appeared to contact the somata of motoneurons (Fig. 2 E) . More laterally directed branches from the CiA axon were located where they could contact dendrites of motoneurons, which extend laterally from their somata. We used a similar double-labeling approach to examine the morphological relationships between the CiA interneurons and one class of sensory interneuron, the CoPA. The CoPA interneurons receive inputs from primary sensory afferents (Gleason et al., 2003) and relay excitation to the opposite side of the spinal cord. The dorsal portions of the CiA axon appeared to contact the somata and the longitudinal dendrites of the CoPA interneurons (Fig. 2 F) . The branching pattern of isolated CiA interneurons suggested that individual cells contacted both motoneurons via their ventral branches and the CoPA interneurons via their more dorsal processes. Their branches were in locations where they could also contact other known classes of interneurons, such as the descending interneurons and commissural inhibitory interneurons.
The CiA interneurons examined in this study were morphologically homogeneous, with no discrete categories evident based on broad visual inspection. They all shared the following basic features: (1) intermediate to dorsal soma position; (2) ventrally extending initial process from which dendrites came off laterally; (3) rostrally extending primary axon that extended dorsally; and (4) a caudally extending axonal branch. There was some variation in the extent of dendritic branching and the axonal trajectory, with the rostrally extending axons from some CiA interneurons running dorsally more quickly than others. There was, however, a continuum in morphology with no clearly distinguishable subtypes.
Development of CiA interneurons
The trajectories of the CiA interneurons in 4-to 5-d-old fish suggested that the ascending axons were the primary ones. We Figure 3 . Time-lapse analysis of CiA interneuron development. Two GFP-labeled interneurons were imaged at 40, 48, and 68 hr of development. The right cell at 40 hr (top) already has a long ascending axon that runs for multiple segments. Two descending axons are also present, but they are very short (thin and thick arrows). The one coming from the ascending portion of the main axon is extremely tiny (thin arrow), suggesting that it just formed. At 48 hr, both of the descending axons have grown (thin and thick arrows), and they have grown even further by 68 hr (bottom, thin and thick arrows). At 68 hr, it is also apparent that the dendrites have grown extensively. A similar developmental pattern is also evident in the left cell. Both of these CiA interneurons have two descending axons. Therefore, four axons run in the caudal part of the picture at 68 hr. Scale bar, 50 m.
therefore suspected that the ascending axons might have extended first, with the descending branch added later during development. To address this issue, we performed time-lapse analysis to follow the development of GFP-labeled CiA interneurons. As expected, CiA interneurons at early stages sometimes had only ascending axons. In the cases in which they had descending branches, the descending branches tended to be very short. Figure 3 shows an example of such a time-lapse analysis. At the first time point (40 hr), the ascending axon from the right cell already extended for multiple segments (the rostral end of the ascending axon is out of the picture), whereas two descending branches from this cell were very short (Fig. 3, top, thick and thin arrows) . In particular, the descending branch arising from the ascending axon was extremely tiny (thin arrow), suggesting that this branch had just formed. During subsequent development, these two descending axonal branches grew and ultimately ran for several segments (Fig. 3, bottom, arrows) . A similar developmental pattern was observed in the more rostral interneuron (Fig. 3, left  cell) . Thus, the ascending axons appear to form first, followed quickly by the development of descending branches.
All interneurons having a CiA morphology are En1 positive
Although the BAC construct and En1 staining revealed that En1 is expressed in at least some CiA interneurons, there were two important questions that remained concerning the definition of the En1-positive cells in the spinal cord. The first was whether En1 is expressed in all interneurons having CiA-like morphology. Although En1 was expressed in the CiA interneurons revealed by the En1-GFP BAC construct, we could not, based on the previous experiment, rule out the possibility that there might be CiA-like interneurons in which En1 is not expressed. The second question was whether En1 is expressed only in CiA interneurons. The previous experiments did not allow us to rule out the possibility that the sequences in the En1-GFP BAC lacked regulatory elements responsible for directing En1 expression in a different type of interneuron that would then have been missed by the BAC construct.
To address these questions, we labeled a variety of types of neurons in a more unbiased way and examined whether neurons having a particular morphology were positive or negative for En1. For this purpose, pan-neuronal promoters (goldfish neural tubulin promoter and zebrafish HuC promoter) were used to drive transient expression of cameleon (a genetically encoded calcium indicator derived from GFP used here just to examine morphology) (Miyawaki et al., 1997; Higashijima et al., 2003) to stochastically label many different classes of spinal neurons. We used 32-36 hr animals instead of 4-to 5-d-old fish in this experiment because the stochastic expression led to many labeled cells that were easily identified at early stages but that were more difficult to distinguish after more extensive dendritic and axonal arbors had developed by 4 -5 d (Fig. 3 , compare 40 hr and 68 hr).
We found three classes of ipsilateral ascending interneurons labeled by transient expression with pan-neuronal promoters, which is consistent with results from our other studies of the cell types in the spinal cord (our unpublished observations). These are CiA interneurons, dorsal longitudinal ascending interneurons (DoLA), and Kolmer-Agduhr (KA) interneurons [these were originally described by Bernhardt et al. (1990) and Kuwada et al. (1990) ]. The detailed morphology of DoLA and KA interneurons will be described elsewhere. Briefly, DoLA interneurons were defined by their very dorsal soma (near the top of the spinal cord) and straight, ascending axons located at the level of sensory tracts (Fig. 4C1,D1, dorsal cell) . The KA interneurons were de- A variety of types of interneurons were stochastically labeled by cameleon (CAM; a derivative of GFP) using pan-neuronal promoter constructs. Images were taken from 32-36 hr embryos. A1-F1 (left) are images of living CAMlabeled neurons (from stacks of optical sections), whereas A2-F2 (right) are corresponding images of the anti-En1 counterstaining (in a stack of 1-3 optical sections), with the CAM signal in green and the En1 signal in red. A1, A2, A CiA interneuron is labeled by CAM (A1), and the cell is positive for En1 (A2). B1, B2, Another CiA interneuron labeled by CAM (B1, arrow) and positive for En1 (B2, arrow). Other types of cells are also labeled by CAM in B1 (cells located in the right part of the figure), and these cells are negative for En1. C1, C2, An ascending DoLA interneuron is labeled by CAM (C1), and the cell is negative for En1 (C2). D1, D2, Both a DoLA interneuron (dorsally) and a KA interneuron are labeled by CAM, and both are negative for En1. E1, E2, Two adjacent ipsilateral descending interneurons are labeled by CAM, and both are negative for En1 (note the lack of red staining of the nuclei, which stand out in the center of the labeled somata because of exclusion of the green CAM expression) F1, F1Ј, F2, A commissural interneuron labeled by CAM (F1) is negative for En1 (F2). F1Ј is a depth coded image to show that the commissural axon is contralateral (30 -40 m distant) to the soma. Scale bar, 20 m.
fined by their far ventral and medial somata, which made contact with the central canal (Fig. 4 D1, ventral cell) . CiA interneurons had the major features described previously, although their dendrites and caudal axonal branches were not often prominent at this stage (Fig. 4 A1,B1 ). Eighteen morphologically identified CiA interneurons were examined in total, and all 18 were positive for En1 (Fig. 4 A2,B2 ). Eight morphologically identified DoLA interneurons were examined, and all were negative for En1 (Fig.  4C,D) . En1 is not expressed in the region where KA interneurons are located, indicating that they are not positive for En1. We confirmed this in two KA interneurons that we found negative for En1 (Fig. 4 D2) .
Neurons other than ipsilateral ascending interneurons were less systematically investigated. However, many interneuron types were labeled in the experiments described above, and we never found En1-positive cells among non-CiA-type interneurons. These negatives included ipsilateral descending interneurons (n ϭ 6) (Fig. 4 E) , commissural interneurons (n ϭ 12) (Fig.  4 F) , motoneurons (n ϭ 4), and RB sensory neurons (n ϭ 7).
Taken together, the results indicate that all of the morphologically identified CiA interneurons are positive for En1 and that CiA interneurons are the only En1-positive interneurons, at least by 36 hr. The previous results from 3-d-old fish using the En1-GFP BAC expression suggest that the same conclusion also applies later in development.
En1-positive interneurons are likely to be glycinergic
We examined the neurotransmitter phenotype of the En1-positive neurons by dual staining with En1 and with genes with expression patterns that are tightly related to a particular neurotransmitter phenotype. The transmitter markers included GLYT2 for glycinergic neurons, the VGLUT genes for glutamatergic neurons, and GAD 65/67 for GABAergic neurons (Martin et al., 1998) . The zebrafish GLYT2 and three types of VGLUT (VGLUT1, VGLUT2.1, and VGLUT2.2) were cloned by us, and the details will be described elsewhere.
The dual staining with GLYT2 indicated that nearly all of the En1-positive interneurons were positive for GLYT2. An example of a 32 hr embryo is shown in Figure 5 (left panels), which shows that all of the En1-positive nuclei (green) are surrounded by GLYT2-positive cytoplasm (red). In a few cases, we observed En1-positive interneurons that were not accompanied by a detectable level of GLYT2 staining (data not shown). The En1 staining in these cells was always very weak, and thus we speculate that these cells were early in their differentiation and would express GLYT2 later. Consistent with this, weakly labeled En1-positive cells at even earlier stages (20 -22 hr) were often not accompanied by a detectable level of GLYT2 signal. The En1-positive interneurons were also positive for GLYT2 at 2, 3, and 4 d (data not shown).
Dual staining with GAD (a mixture of GAD65 and GAD67 ) at 32 hr showed that a small subset (ϳ20%) of En1-positive interneurons appeared positive for GAD (Fig. 5, center panels) . Most of these showed faint GAD staining, which was sometimes hard to distinguish from background; rarely, a strongly GAD-positive En1 neuron was observed (Fig. 5, arrows) . At this early stage, the majority of GAD-positive cells in intermediate regions of cord are also positive for GLYT2 (S. Higashijima, G. Mandel, and J. R. Fetcho, unpublished observations), and, indeed, triple staining of En1, GLYT2, and GAD showed that these GAD-positive En1-positive interneurons were also positive for GLYT2 (data not shown). Dual staining of En1 and VGLUT2 (a mixture of VGLUT2.1 and VGLUT2.2; VGLUT1 is not expressed in embryonic spinal cord) at 32 hr showed that none of the En1-positive interneurons were positive for VLGUT2 (Fig. 5, right panels) .
These results show that En1-positive interneurons are positive for GLYT2, strongly indicating that En1-positive cells (CiA interneurons) are glycinergic inhibitory interneurons. They may also simultaneously use GABA as a neurotransmitter at early stages. None were positive for the glutamatergic markers.
Electrophysiology of the En1-positive CiA neurons
The morphology and transmitter phenotype of the En1-positive CiA neurons suggested that they might correspond to a neuron involved in gating the flow of information through sensory reflex pathways that was predicted in studies of Xenopus many years ago Roberts, 1988, 1992a,b) . Our anatomical data showed that the CiA interneurons appeared to contact CoPA interneurons. Several lines of evidence indicate that the CoPA interneurons are sensory interneurons that relay excitation from RB sen- sory neurons innervating the skin to the opposite side of the body (Gleason et al., 2003) . In three experiments, we confirmed this connection between RB neurons and the CoPA interneurons by pairwise patch recording from an RB and a CoPA interneuron. In each case, firing the RB neurons produced a short latency, EPSP in the CoPA interneuron (data not shown), consistent with the connection suggested by prior morphological and physiological evidence. The major features of the CoPA neurons are similar to the dorsolateral commissural interneurons in Xenopus, which are known to receive a rhythmic inhibition during swimming that gates the flow of sensory information through the cutaneous reflex pathway (Sillar and Roberts, 1992a,b) . The observation that the CiA interneurons were inhibitory and contacted the CoPA neurons suggested a possible role in inhibiting flow through the CoPA sensory pathway. We examined the electrophysiology of the CiA and CoPA interneurons to explore whether the CiA cells had the predicted features of a neuron involved in gating activity in the CoPA pathway during swimming.
We first examined whether the CiA neurons were active during fictive swimming. In 4-to 5-d-old fish, we targeted for patch recording CiA neurons labeled by GFP expression with the En1-GFP construct and simultaneously recorded from peripheral nerves or from a motoneuron to monitor the motor pattern. All 20 of the CiA interneurons we examined depolarized during a swimming episode and had rhythmic oscillations of membrane potential superimposed on a sustained depolarization (Fig. 6 A) . For 14 of the interneurons, we simultaneously monitored the motor pattern by recording from an ipsilateral motor neuron (n ϭ 7) or peripheral nerve (n ϭ 7). The rhythmic depolarizations of the membrane potential in the CiA interneurons during swimming occurred mostly in phase with ipsilateral motor activity recorded from peripheral nerves or motoneurons. Seventeen of the 20 CiAs fired during at least some of the swimming episodes, often firing multiple spikes in each cycle of activity, like the neuron in Figure 6 A.
Patch recordings from 15 CoPA interneurons during swimming showed that they also were tonically depolarized during a swimming episode. Unlike the CiA neurons, however, none of the CoPA interneurons fired action potentials during swimming. A series of faster depolarizing PSPs were superimposed on the tonic depolarization of the CoPAs throughout swimming (Fig. 6 B) . These faster depolarizations showed some rhythmicity during swimming, but not all of them were always tightly coupled with the swimming rhythm. The depolarizations reversed before reaching spike threshold in 9 of 10 interneurons where the synaptic reversal potential was tested (as in Fig. 6 B) , suggesting that they were likely chloridedependent PSPs. These PSPs were reversibly blocked by application of strychnine in four of five neurons tested (Fig. 6 B) , supporting the conclusion that they were glycinergic, chloride-dependent PSPs.
The previous results suggested that the CoPA interneurons receive glycinergic PSPs during swimming that could serve to block their activation by sensory pathways during a swimming episode. The only known candidates for interneurons in zebrafish spinal cord that might provide this inhibition are the commissural glycinergic interneurons or the ipsilaterally projecting CiA (En1) interneurons. The CiA axons are more dorsal than the axons of commissural neurons and are apposed to the dendrites and somata of the CoPA neurons, making them the most likely candidates for providing the inhibition.
This potential connection between the CiA (En1) and CoPA interneuron was examined by pairwise recording from the two cell types in three experiments. Figure 6C shows a representative example. In each case, firing the CiA neurons produced short latency depolarizing PSPs in the CoPA interneurons, with aver- Figure 6 . Activity of the En1-positive interneurons and their connections with CoPA interneurons. A, Patch recording from a CiA interneuron labeled by the En1-GFP BAC construct. The top panel shows an image of the GFP-labeled, patched cell, which is marked by an asterisk. The inset shows the same neuron filled with rhodamine from the patch electrode, which enters from the left side of the figure. The bottom panel shows the activity recorded from the CiA neuron (top) and a peripheral motor nerve (bottom) on the same side of the body as the cell. Fictive swimming was induced by a light stimulus and is evident in the rhythmic bursts recorded from the motor nerve. The CiA interneuron initially depolarized to approximately Ϫ35 mV from its resting potential of Ϫ54 (data not shown) and then showed the rhythmic depolarizations evident in the figure, which were usually accompanied by firing of action potentials. These depolarizations were in phase with the bursts of motor activity in the ipsilateral motor nerve. B, Recordings from a CoPA during episodes of swimming. All panels are from the same interneuron. Top panel, During swimming, a CoPA interneuron was depolarized to Ϫ57 mV from its resting potential of Ϫ61 mV. Rhythmic, fast depolarizing potentials at the frequency of swimming (some of which are marked by dots) are superimposed on the sustained depolarization. Second panel, When the CoPA is held depolarized (in this case to ϳϪ28 mV), the fast potentials (dots) during swimming invert. Third panel, The inverted fast potentials in a depolarized CoPA during swimming are absent in strychnine, indicating they are glycinergic. Fourth panel, Recovery of the inverted fast potentials (dots) after washout of strychnine. C, Simultaneous patch recording from a CiA interneuron and a CoPA interneuron. Top, Action potentials elicited by current injection into a CiA neuron in two different trials. The responses of the CoPA neuron in the two cases are shown below. When the CoPA was at rest (middle), firing the CiA interneuron produced a short latency, depolarizing PSP, similar in time course to those in a CoPA during swimming. When the CoPA was depolarized from rest to Ϫ28.5 mV (bottom), firing the CiA led to an inverted PSP in the CoPA. D, Photomontage of a pair of cells, the physiology of which is shown in C, taken immediately after the recordings. The CiA is on the left, and the CoPA is on the right. In this case, the CoPA was caudal to the CiA, but the descending branch of the CiA axon had processes that approached the CoPA soma and dendrite, consistent with the monosynaptic connection indicated by the pairwise physiology. The patch electrodes enter from the left and right sides of the figure. age synaptic delays of 0.46, 0.63, and 0.91 msec (SD ϭ 0.1, 0.08, and 0.07, respectively; n ϭ 9 for each cell) in the three cells. The postsynaptic responses in the CoPAs followed firing of the CiA without latency jitter at frequencies of stimulation that fatigued the postsynaptic response. The very short latency and absence of latency jitter support the conclusion that the connection is monosynaptic (Fetcho,1990) . In two of the three pairs, we tested the reversal potential of the PSPs (as in Fig. 6C ) and found that they reversed at negative membrane potentials, similar to potentials that reversed the strychnine-sensitive PSPs in CoPAs during swimming. In both of these pairs, we also applied strychnine, which blocked the synaptic connection. The negative reversal potential and strychnine sensitivity indicate that these are IPSPs.
If we had effectively dialyzed the cell with the patch solution, which contained low chloride, we would expect chloridedependent IPSPs to be hyperpolarizing because of a calculated reversal potential negative to rest (Ϫ90 mV). The depolarizing responses we observed suggest that the normal chloride reversal potential is higher than rest and that the synapses were on the long dendrites, at a location that was not effectively dialyzed. Images of the recorded neurons, which were filled with dye from the patch electrodes, showed that the CiA neurons had either ascending or descending branches of their axons apposed to the dendrites of postsynaptic CoPA cells, providing additional support for the monosynaptic connection indicated by the physiology.
In summary, both the electrophysiological and morphological data support the conclusion that the CiA (En1) interneurons monosynaptically inhibit the CoPA neurons via glycinergic synapses. The activity of the CiA cells during swimming likely accounts for the strychnine-sensitive PSPs we observed in the CoPA interneurons during swimming. Individual CiA neurons, however, are rhythmically active in swimming, whereas the CoPA neurons received strychnine-sensitive PSPs that are not as tightly coupled with the swimming rhythm. This is likely explained by the convergence of the long ascending (and descending processes) of many CiA neurons from all along the body onto individual CoPA interneurons. The connectivity and activity pattern of the CiA neurons is consistent with a role in blocking the flow of activity through the CoPA sensory pathway during rhythmic swimming movements.
The branching pattern of the CiA interneurons suggested possible contacts with more ventral neurons, including motoneurons and other interneurons. We tested many (over 30) pairs of CiA and ventral cells for connections by stimulating a CiA while recording with whole-cell recording from neurons with somata that were adjacent to CiA processes. We found three cells that received short latency, IPSPs after firing of a CiA. One of these, shown in Figure 7 , was a motoneuron that showed a synaptic response after extracellular stimulation of a CiA via a loose cellattached patch. The other two were descending interneurons that responded to CiAs activated via current injection during pairwise whole-cell recording. The latencies of these connections were short (mean: 0.76 msec for the motoneuron and 0.68 and 0.75 for the CiDs; SD: 0.11, 0.16, and 0.13, respectively; n ϭ 10 for each cell), consistent with a monosynaptic input from the CiA. Unlike the CoPA interneurons, the PSPs were hyperpolarizing from rest. This is likely a consequence of the somatic location of synapses on the motoneurons and descending interneurons, in a region where the cell was effectively dialyzed by the patch pipette and synaptic reversal potential was determined by the low-chloride concentration in our intracellular solution. CoPA connections were often on dendrites further from the somatic recording site.
The difficulty in finding connections with ventral neurons was likely a combination of a small number of postsynaptic cells in the motor column contacted by each CiA, along with possible disruption of somatic connections by the positive pressure applied in the process of approaching the postsynaptic neuron. Connections with CoPA interneurons were found more easily, possibly because of the greater convergence of engrailed neurons onto the CoPA cells along with the dendritic locations of many of their contacts.
Discussion
We set out to define the morphology and functional properties of the spinal neurons that express En1 in zebrafish, with the hope that studies of a relatively simple model system might reveal a primitive link between transcription factor and interneuron type (Saueressig et The En1 cells in zebrafish are similar in all major morphological respects to the ascending interneurons in Xenopus tadpoles, which are also marked by En1 (Li et al., 2004) . The soma location, dendritic arbors, and long ascending axon with a descending branch are strikingly similar in both species. The En1 neurons in the two species are also glycinergic.
Several features of the morphology and transmitter phenotype of the zebrafish neurons are also shared by the interneurons marked by En1 expression in mice (Saueressig et al., 1999) . The cell bodies of both are located dorsal to the motor column. The axons arise from the ventral aspect of their somata and extend ventrally and then rostrally, running in the ventrolateral fasiculus in mice and in a comparable location just lateral to the motor column in zebrafish. In both species, the axons appear to extend dorsally as they ascend through the region of the motor column, leading to a picture in lateral view that looks very similar in zebrafish and mice (compare our Fig. 2C1 with Fig. 2 D in the study by Saueressig et al., 1999) . The axons of the population of En1-positive cells in mice form a crescent lateral to the motor column, with some axons dorsal to it. The trajectory of the initial portion of the axons in zebrafish also spreads them along the lateral surface of the motor column. A major difference, however, is that the axons of the En1 cells in mice are short because they are backfilled only a couple of segments from an injection site. In zebrafish, they extend a long distance, running to the brain in an axon tract dorsal to the motor column, in a position similar to the most dorsal axons in mice. The En1 neurons in mice and chicks are positive for GABA markers early in life, but there is reason to think that they later switch to a glycinergic phenotype (Antal et al., 1994; Berki et al., 1995; Saueressig et al., 1999; Wenner and O'Donovan, 1999; Wenner et al., 2000; Nakayama et al., 2002) . A similar switch is also suggested by the early dual staining for GABA and glycinergic markers of the En1 neurons in zebrafish. En1 expression thus marks interneurons with an overall morphology and transmitter phenotype that has been conserved in widely divergent groups of vertebrates, including fish, frog tadpoles, and mice.
The inhibition from En1-positive interneurons plays several functional roles in tadpoles and fish. Evidence from Xenopus tadpoles over 10 years ago showed that the throughput in sensory reflex pathways is gated by ipsilateral inhibition during swimming, so that when an animal is bending to one side during swimming, activation of motor output on the opposite side by sensory pathways is blocked by inhibition of commissural excitatory sensory interneurons Roberts, 1988, 1992a,b) . Similar gating of sensory pathways is present in many motor systems, but the cells mediating it had not been identified in any vertebrate, until their recent discovery in Xenopus tadpoles (Li et al., 2002) . We independently found them in zebrafish in the course of our studies of the En1-positive interneurons. The En1-positive, CiA, neurons in zebrafish are rhythmically driven during swimming and monosynaptically inhibit CoPA interneurons. The CoPA neurons are commissural interneurons that are excited by RB sensory neurons and stain for vesicular glutamate transporters (Higashijima, M. Schaefer, M. Masino, and Fetcho, unpublished observations) , indicating that they relay sensory excitation from one side of the body to the other. The inhibition of the CoPA interneurons by the CiA cells during swimming episodes could block the flow of excitation through this sensory pathway during swimming. This gating of the CoPA sensory pathway during swimming is analogous to the more extensively studied gating in the pathway for reflex bending in Xenopus (Li et al., 2002) .
A role in sensory gating is not the only function of the En1 neurons. Individual CiA interneurons in zebrafish have axonal arbors that branch widely in the spinal cord, both in dorsal, sensory regions as well as ventral, motor ones. Their axons are directly apposed to the somata of motoneurons, and their widely distributed branches raise the possibility that they contact many different cell types spread throughout much of the dorsoventral extent of spinal cord. This is supported by our data showing that they directly inhibit both motoneurons and descending interneurons. These observations are consistent with recent, more extensive physiological studies of the inhibitory ascending interneurons that perform sensory gating in Xenopus, which indicate that these interneurons are responsible for inhibition of many ipsilateral cell types, including interneurons in the central pattern generator for swimming, as well as the motoneurons themselves (Li et al., 2004) . These Xenopus neurons are En1 positive, like their ascending counterpart in zebrafish.
Taken together, the evidence from zebrafish and Xenopus indicates that En1 marks a single class of multifunctional, ipsilateral, glycinergic interneurons in both species. The En1 interneurons are the only known glycinergic neurons with projections in ipsilateral spinal cord of zebrafish larvae (Higashijima, Schaefer, and Fetcho, unpublished observations) . The only other known glycinergic cell types in the spinal cord are the En1-negative commissural interneurons. We cannot totally rule out the possibility that other ipsilateral inhibitory cell types exist but have been missed in our studies of the transmitter phenotypes of the known classes of interneurons. Based on the available evidence, however, the En1 neurons appear to provide all of the ipsilateral glycinergic inhibition in spinal circuits of zebrafish at the stages we studied them.
The common ancestor of fish and frogs is ancient, suggesting that the shared features of the engrailed interneurons are primitive ones for vertebrates. We propose that En1 expression marked the only glycinergic cell type with ipsilateral projections in the spinal cord of early vertebrates. These interneurons were multifunctional inhibitory neurons that played roles in producing and shaping rhythmic motor output, as well as in gating the flow of sensory information during locomotion. This primitive vertebrate arrangement is retained in the larvae of aquatic vertebrates such as zebrafish and Xenopus, in which the neurons provide all of the ipsilateral glycinergic inhibition early in life.
We know less about the organization of the spinal cords of fish and frogs later in life. The animals grow considerably through life, and the organization of the interneurons might change as they grow. Larval zebrafish have relatively few interneuron types in the spinal cord, but the cells are sufficient for the animals to produce the range of coordinated movements needed for the free swimming larvae to survive. Although some of the classes of interneurons evident in larvae are also present in adult fishes , it is, nonetheless, possible that the En1 interneurons in larvae differentiate into more specialized subtypes as the animals grow to adulthood. This might, for example, be directed by transcription factors that differentially affect En1 cells located at somewhat different dorsoventral positions in the spinal cord.
Mammals and birds have a more diverse array of ipsilateral inhibitory neurons than larval fishes and amphibians. The primitive multifunctional En1 interneurons evident in zebrafish and Xenopus may have specialized during evolution to give rise to the several different glycinergic cell types with ipsilateral connections in mammalian and avian spinal cords. Morphological and physiological evidence from chicks and mice indicates that En1 marks more than one class of interneuron, including the well studied Renshaw cells, which provide feedback inhibition of motoneurons (Wenner et al., 2000; Sapir et al., 2004) . The En1 cells in zebrafish and Xenopus also inhibit motoneurons, making them a candidate for a cell type ancestral to Renshaw neurons. Indeed, the morphological and functional similarities between the En1-positive cells in zebrafish and those in mice and chicks make the CiA neurons in fish the best (and at present only) candidate for a cell type homologous to the En1 neurons in more complex vertebrates.
If the En 1 neurons primitively provided all of the ipsilateral inhibition, as appears to be the case based on fish and frogs, we might expect that all of the ipsilateral glycinergic premotor interneurons in birds and mammals will be En1 positive early in their development. This would include not only the Renshaw cells, but also the still unidentified interneurons involved in sensory gating in birds and mammals, the Ia inhibitory interneurons in reflex pathways, the group I nonreciprocal inhibitory interneurons (Ib), as well as the inhibitory interneurons in the mammalian central pattern generator that produce flexor and extensor alternation on one side of the body (Baldissera et al., 1981; Grillner, 1981; Burke and Fleshman, 1986; Kiehn and Kjaerulff, 1998; Jankowska and Hammar, 2002) . Not all of the En1 cell types have been identified in mammals, but recent work suggests that the En1 population includes the Ia and Ib inhibitory interneurons along with the Renshaw cells (Alvarez et al., 2003; Sapir et al., 2004) . This is consistent with the possibility that a multifunctional class of neurons like the En1 cells in zebrafish and frog tadpoles may have been the precursors of several more specialized cell types in mammals.
In summary, the evidence that En1 marks a unique functional class of neurons in larval fishes and frogs is consistent with the idea that transcription factors define a primitive "ground state" of spinal interneurons (Goulding et al., 2002) . The spinal cord in larvae of swimming vertebrates is simple, with a small number of distinct functional classes of neurons. Such a simple organization could be set up via expression of a small number of transcription factors. The early development of spinal cord may serve to define this primitive functional organization of interneurons, which forms a developmental and evolutionary foundation on which more complex systems are built.
